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Abstract   
The MHD unsteady flow heat and mass transfer of a viscous incompressible fluid induced by a stretching surface in a rotating 
fluid taking the effects of thermal radiation, heat absorption and first order chemical reaction into account with convective 
boundary condition. The rotation parameter is found to reduce the velocities and the magnetic parameter prevents the flow 
reversal in the x – direction. The increasing values of Biot number generate thicker thermal boundary layers resulting in the rise 
of temperature. The Schmidt number and chemical reaction parameter are found to have a strong influence on the species 
concentration resulting in small values. The rate of heat transfer is enhanced by magnetic field, thermal radiation parameter and 
rotation parameter. The rotation parameter and time are observed to enhance the rate of mass transfer.
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1. Introduction  
The study of fluid flow over a stretching surface in a rotating fluid finds application to study the geological 
stretching of a techtonic surface in a rotating ocean (Wang [1]). Gorla et al. [2] discussed the steady flow of an 
incompressible power law fluid past a horizontal stretching plate that rotates around vertical axes. Takhar and Nath 
[3] analysed the effect of the magnetic field on the unsteady flow and heat transfer of a viscous incompressible 
electrically conducting fluid due to a stretching surface in a rotating fluid. Takhar et al. [4] analysed the steady flow 
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and heat transfer on a stretching surface in a rotating fluid subject to a magnetic field. Nazar et al. [5] studied the 
flow due to a suddenly stretching surface in a rotating fluid. 
Thermal radiation plays a significant role in manufacturing process in industry. For example, in casting and 
levitation, metallic rolling, design of furnace, fins. In engineering, many processes involve very high temperatures 
and the application of radiative heat transfer is essentially required to design the specific equipment. Nuclear power 
plants, gas turbines, satellites and space vehicles are some of the examples (Seddeek [6]) which involve radiative 
heat transfer. 
   In this paper an effort is made to investigate the effect of thermal radiation on the unsteady flow of a 
viscous, incompressible, electrically-conducting fluid caused by the stretching of a surface in a rotating fluid to 
know the influence of thermal radiation, magnetic field, chemical reaction and heat sink. 
2. Mathematical Formulation 
  Let us consider the unsteady motion of a viscous incompressible electrically conducting fluid induced by 
the stretching of a surface in the x – direction in a rotating fluid. The rotation of the fluid makes the flow three-
dimensional.   
Fig. 1 Physical model and coordinate system 
Fig. 1 shows the coordinate system, where u, v and w be the velocity components in the x, y and z 
respectively. A uniform magnetic field B is applied in the z – direction.  The velocity components u, v and w, 
temperature T and concentration C depend only on x and z as the flow is induced by stretching the surface in the x –
direction only. The induced magnetic field is neglected by assuming that the magnetic Reynolds number is small. 
The surface temperature and the fluid temperature at the edge of the boundary layer are all assumed to be constant. 
Initially (i.e. at   ) the stretching surface varies linearly at a distance from leading edge (i.e.   	
   ) 
and the fluid is rotating with an angular velocity . At   , the velocity of stretching surface is taken as  	
  and the fluid is rotating with an angular velocity       about z – axis.         
Under these assumptions, the equations of continuity, motion, heat and mass transfer can be written as 
                                                                                                                                                        (1) 
             !"#  $%#                                                                                 (2) 
             !"#  $%#                                                                                  (3) 
           !"#                                                                                                            (4) 
&  &  &  &   '() *+"
#&  ,-.,  /
&  &01                                                                                        (5) 
2  2  2  2  3"#2  42  20                                                                                                            (6) 
Where "# 5 ,
6
,6 
,6
,6 
,6
,67. 
The boundary conditions are 
 u(x, y, 0, ) =, v(x, y, 0, ) = w(x, y, 0, ) = 0,48 ,9,  :8&  &,  C(x, y, 0, 
) = Cw,   
 p(x, y, 0, ) = pw
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 u(x, y, ;, ) = v(x, y, ;, )  = 0, T(x, y, ;, ) = &0, C(x, y, ;, ) = 20                                                              (7) 
where ! is the kinematic viscosity, B is the strength of the magnetic field, p is the pressure, t is the dimensional time, 
    is the dimensionless time,   < <	= > is the gradient of the velocity of the stretching surface at time 
   . The parameter   denotes unsteadiness in the flow field  ?   corresponds to whether the flow is 
accelerating or decelerating, the subscripts t, x, y, z denote partial derivatives with respect to t, x, y, z respectively, 
and the subscripts w, ; denote condition at the surface and condition far away from the surface respectively, @A is 
the specific heat at constant pressure,  is the density of the fluid,:8 is the convective heat transfer coefficient, & is 
the convective fluid temperature,  is the angular velocity of the fluid, T is the fluid temperature, C is the fluid 
concentration, $ is the electrical conductivity, K is the thermal conductivity of the medium, /  is the uniform 
volumetric heat absorption, BC is the radiation heat flux, D is the mass diffusivity and k is the chemical reaction 
parameter. 
The radiation heat flux by using Rosseland approximation and expanding  &D linearly using Taylor’s series can be 
written as BC = E$F&0G H4= I& IJ=                                                                                                                    (8)
where  $F is the Stefen-Boltzman constant and 4 is the absorption coefficient.   
The equations (2) – (6) can be transformed into a set of ordinary differential equations on introducing the following 
similarity variables: 
K  L !  = J,   ,   	  M NK,   	  OK,  
  L!   = MK,&  &0  &  &0PK,  2  20  2  20QK, 
       RK,  	   ,     ,       , 
%  %  S# , /  /                                                                                                                (9)                 
where  is the angular velocity of the fluid at    , % is the magnetic field at    .  
From the above transformations, the equations (2) – (6) reduce to the non – dimensional, nonlinear ordinary 
differential equations:  
M NNN  MM NN  MT#  UM N  M N  V# MTT  WO                                                                                                          (10) 
ONN  MON  M NO  UO  O  V# OT  WMT                                                                                                            (11) 
5  DGXY7 P
NN  ZY 5MPN  /P  V# PT7                                                                                                               (12) 
QNN  [@ 5MQN  V# QT  \Q7                                                                                                                               (13)     
]N  ^NN  ^^N  _^  `^T                                                                                                                                (14) 
The associated boundary conditions are: 
`   :  ^  
 ^N  
 a  
 bN  %c  P
 d  
 ]  ,                                                                          (15) 
` e ; :  ^N e 
 a e 
 b e 
 d e ,                                                                                                                    (16) 
Where the primes denote the differentiation with respect to `, f  gSh is the rotation parameter, i  jk# lh=  is 
the magnetic parameter, mn  lopq r=  is the Prandtl number, sn  Ejtu0G Hrv=   is the thermal radiation 
parameter, w  w hlop=  is the heat source/sink, xo  q y=  is the Schmidt number, z  r h=  is the chemical 
reaction parameter and k{  o r|= Lq }~=  is the Biot number. 
Equations (10) – (13) have been solved numerically, but the solution of equation (14) governing pressure F under 
condition (15) and (16) can be expressed as: 
      ]  ^N  ^#  _`^                                                                                                                                       (17) 
The physical quantities of engineering interest are the skin friction, heat transfer and mass transfer coefficients. The 
local skin friction coefficients in the x and y directions, the local Nusselt number and Sherwood number are 
expressed as: 
|   #= ^NN,        |  
 #= aN,                                                                                     (18) 
s}   #= bN,          S   #= dN,                                                                                      (19) 
where    }~ q=  ,    !=   are the local Reynolds numbers, ! is the coefficient of kinematic viscosity. 
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3. Results and Discussion 
In this analysis the unsteady flow of a viscous rotating fluid under the influence of a magnetic field, thermal 
radiation and heat absorption in the presence of convective boundary condition is analysed. The similarity equations 
governing the flow are numerically solved by Runge-Kutta method along with shooting technique. To validate the 
numerical scheme the skin friction coefficient and Nusselt number are compared with those of  Takhar and Nath [3] 
for the case of steady flow in the absence magnetic field, thermal radiation, heat absorption and concentration for 
different values of Prandtl number and rotation parameter. Also the Nusselt number is compared with those of 
Grubka and Bobba [7], Takhar and Nath [3] for steady flow in the absence of thermal radiation, heat absorption and 
concentration.  From Tables 1 and 2, the compared values of  ^, a, b at `    are found to be in excellent 
agreement.  
Table 1. Comparison of surface shear stress and heat transfer results (^ 
 a
 b ) with those Takhar and Nath [3] for  _  i 
sn  w  xo  k{  z  . 
f ^TT aT b
N
Pr=0.7 Pr=0.2 Pr=7.0 
0 
1.0000 


0.0000 


0.4550 


0.9114 


1.8954 


0.5 
1.1384 
H
HH
0.5128 


0.3904 
H
H
0.8525 
H

1.8511 


1 
1.3250 
H
H
0.8371 
H
H
0.3216 
H
H
0.7703 

E
1.788 


2 
1.6524 
 EH
E
1.2873 
H

0.2429 


0.6382 
EH
EH
1.6643 
EE
EE
                                   Results obtained by Takhar and Nath [3] 
Table 2. Comparison of surface heat transfer  P  with that of Grubka and Bobba [8] and Takhar and Nath [3] for    U  W  XY 
%c  /  [@    \  . 
Pr Grubka and Bobba [8] Takhar and Nath [3] Present Results 
0.72 0.4631 0.4651 0.4631 
1.0 0.5820 0.5823 0.5820 
3.0 1.1652 1.1654 1.1652 
10.0 2.3080 2.3090 2.3080 
100.0 7.7657 7.7657 7.7657 
Fig. 1 reveals that the primary velocity is found to decelerate with increasing rotation parameter as rotation 
lessens the` fluid entrained. Also for smaller values of f a monotonic and exponential   decay in the velocity is noted 
whereas for higher values of the rotation parameter it exhibits an oscillatory behavior with a depreciation in the 
velocity.  From Fig. 2 it is evident that the rotation of the fluid generates secondary velocity and is absent when 
f   and the secondary velocity takes on its peak value -0.2754 at `  HE for higher values of   f.  
From Fig. 3 it is observed that a back flow in the primary velocity exists when there is no magnetic field and in 
the presence of magnetic field this flow is absent. We may conclude that the flow field can be made free from back 
flow by using magnetic field. The primary velocity depreciates for increasing strength of magnetic field which is in 
conformity with the fact that the Lorentz force that arises due to the magnetic field decelerates the velocity. From 
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Fig.4 the secondary velocity is significantly influenced by the magnetic field throughout the boundary layer. In the 
vicinity of the boundary, the secondary velocity profile (-g) attains a maximum value and increasing values of M 
reduce this peak value.  
The primary velocity (Fig.5) along the sheet falls initially for increasing unsteady parameter _ and hence the 
boundary layer shrinks in the vicinity of the wall while it increases the velocity away from the wall. However, the 
effect of _ on primary velocity is not appreciable whereas its effect is more pronounced on the secondary velocity 
(Fig.6). The secondary velocity enhances in the vicinity of the boundary while it decreases away from the boundary 
eventually satisfying the free stream condition.  
Fig. 7 shows that as Biot number increases convection becomes stronger resulting in higher surface 
temperatures and the thermal effect permeates deeper into the quiescent fluid resulting in thicker thermal boundary 
layers.  Fig. 8 depicts that the temperature reduces with increasing in Prandtl number. Since higher Prandtl number 
fluid has low thermal conductivity and opposes conduction, the temperature of higher Prandtl number fluids falls 
rapidly compared to lower Prandtl number fluids. The thickness of the thermal boundary layers for lower Prandtl 
fluids enlarges.  From Fig. 9 it is observed that presence of the thermal radiation Nr enhances the temperature 
significantly throughout the region. The temperature is further increased for increasing thermal radiation parameter.  
From Fig. 10 it is evident that the concentration reduces with increased values of Schmidt number which is 
associated with the reduction in the thickness of the solutal boundary layer. This may physically be explained that 
enhancement of the Schmidt number implies reduction in the molecular diffusivity and thus the concentration of the 
species is more for smaller values of Schmidt number than for higher values of Schmidt number. Also the gradient 
of concentration is always negative and hence the mass transfer always takes place from boundary to the ambient 
fluid for all values of Schmidt’s number. 
 From Fig. 11 the wall shear stress is seen that the dependence on the magnetic field and rotation is quite 
appreciable. For a fixed value of the rotation parameter an increase in magnetic field parameter decreases the wall 
shear stress. This is because; an increase in the magnetic field induces a reduction in the velocity (Fig. 3) which in 
turn reduces the wall shear stress. The wall shear stress shows a similar trend for an increase in the rotation 
parameter due to the reduction in the velocity (Fig. 1). 
Fig. 12 shows that Nusselt number is an increasing function of Prandtl number and the rate of heat transfer is 
observed to increase with elapsed time. Fig.13 reveals that the Nusselt number increases with heat absorption 
parameter and it is reduced by the radiation parameter. We may conclude that the thermal radiation enhances the 
rate of heat transfer. It is noticed from Fig. 14 that the local Sherwood number significantly increases with chemical 
reaction parameter and Schmidt number.  
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                Fig. 3. Primary velocity profiles for different values of M               Fig. 4. Secondary velocity profiles for different values of M 
                Fig. 5. Primary velocity profiles for different values of _                 Fig. 6. Secondary velocity profiles for different values of _
                     Fig. 7. Temperature profiles for different values of Bi                     Fig. 8. Temperature profiles for different values of Pr 
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               Fig. 9. Concentration profiles for different values of Nr                           Fig. 10. Concentration profiles for different values of Sc 
                        Fig. 11: Variation of Skin friction coefficient                                            Fig. 12: Variation of Nusselt number  
                                      with M for different values of f                                                                 with Pr for different values of _
                     Fig. 13: Variation of Nusselt number with Q                                           Fig. 14: Variation of Sherwood number  
                                 for different values of Nr                                                                           with z  for different values of Sc    
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4. Conclusions 
From the above analysis it is observed that 
 The Lorentz force retards primary velocity while it accelerates the secondary velocity and magnetic    parameter 
prevents the flow reversal in the x – direction. 
 The temperature is enhanced with increasing magnetic field, Biot number and thermal radiation and increasing 
values of heat absorption parameter produce thinner thermal boundary layers. 
 The Schmidt number and chemical reaction parameter suppress the species concentration significantly. 
 The rotation parameter reduces skin friction coefficients. 
 The rate of heat transfer is increased by magnetic field, thermal radiation parameter and rotation parameter. 
 The rotation parameter and time enhance the rate of mass transfer. 
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